INTRODUCTION
Threshold effects have recently been described in mitochondrial diseases, particularly by Wallace and co-workers [1, 2] who showed them to be related to the balance between normal and mutant mitochondrial (mt) DNA (mt DNA heteroplasmy). We think that a crucial stage in the expression of a threshold in clinical diseases may be due to the action of a localized defect in a given step on the global flux of a metabolic pathway. Thus it was observed by Bindoff [3] , both in a patient with cytochrome c oxidase deficiency and in an animal model (copper-deficient rat), that lowering the activity of complex-IV by over 50 % did not affect the respiratory flux.
We have considered this problem from an experimental point of view by progressively inhibiting the activity of cytochrome c oxidase of mitochondria isolated from rat muscle with increasing concentrations of KCN, thus mimicking the effect of various degrees of a defect in the activity of this enzyme.
MATERIALS AND METHODS
Rat muscle mitochondria were isolated by differential centrifugations as described by Morgan-Hughes et al. [4] . Protein concentration was estimated by the biuret method using BSA as a standard. Mitochondrial oxygen consumption was monitored at 30°C in a 1 ml thermostatically controlled closed vessel with rapid stirring and equipped with a Clark oxygen electrode, in the following buffer: 75 mM mannitol, 25 mM sucrose, 100 mM KCI, 10 mM Tris phosphate, 10 mM Tris/HCl, pH 7.4, 50 ,uM EDTA, with 10 mM pyruvate and 10 mM malate as respiratory substrates to record the respiration rate of the whole chain, or in the presence of 0.50 mM ascorbate and 0.25 mM NNN'N'-tetramethyl-p-phenylenediamine (TMPD) and 10 lug/ml antimycin to record the activity of cytochrome c oxidase alone. The mitochondrial concentration used in this study was 1 mg/ml and state 3 (according to Chance and Williams [5] ) was obtained by addition of 1.2 mM ADP. We also measured cytochrome c oxidase activity spectrophotometrically following oxidation of cytochrome c at 550 nm [6] .
Non-linear curve fitting was done using the program 'Simfit' [7] and simulations with the program TK Solver Plus (Universal Technical Systems, Rockford, IL, U.S.A.).
by cyanide, simulating a defect in this step, leads to a decrease in mitochondrial respiration which then exhibits a threshold behaviour similar to that observed in mitochondrial diseases. We discuss this behaviour in terms of metabolic control theory and construct a mathematical model simulating this behaviour.
RESULTS
In parallel cyanide titration experiments, it is possible to record the remaining cytochrome c oxidase activity and the resulting respiration rate. Figure 1 shows a typical experiment where both curves correspond to experiments performed on three batches of mitochondrial preparations. The fact that the direct spectrophotometrical titration of cytochrome c oxidase with cyanide gave the same inhibition curve as the titration of oxygen consumption, with ascorbate and TMPD as substrate, indicates that in the latter case, due to high TMPD concentration, the cytochrome c oxidase activity is the 'rate-limiting step', or in other words it has a flux control coefficient of unity in this assay. The interest of recording the cytochrome c oxidase activity with ascorbate and TMPD is that this complex is in a similar environment to that used in recording the whole respiratory chain flux. It is of interest to note the shape of these curves. The inhibition curve of cytochrome c oxidase activity is quasi-linear for non-saturating inhibitory concentration with an inhibition nearly proportional to the KCN concentration added, while the variation in the respiratory rate as a function of KCN concentration is sigmoidal. The difference in these shapes is the basis of the threshold effect. For instance, a 500% inhibition of cytochrome c oxidase gives only 100% inhibition of the whole respiratory flux. Even 75 % inhibition of the enzyme leads to only 20 % inhibition of the flux. However, when the inhibition of cytochrome c oxidase activity increases beyond this value, the respiratory flux decreases sharply, giving rise to a threshold effect. This phenomenon is well illustrated in Figure 2 , which gives the respiratory rate and cytochrome c oxidase activity of Figure 1 for the same values of inhibitory concentrations. These results are in accordance with the Bindoff observations [3] in a patient with cytochrome c oxidase deficiency, in the animal model of copper-deficient rats, and those of Hayashi et al. [8] and Chomyn et al. [9] on patient cybrids in culture.
These results are entirely consistent with metabolic control theory [10, 11] . According to this theory, a control coefficient measures the effect of a small disturbance of a given step on a global flux in a metabolic network under steady-state conditions. This parameter can be evaluated in the present experiment by the ratio of the initial slope of the VO. inhibition curve (the observed Abbreviations used: TMPD, NNN'N'-tetramethyl-p-phenylenediamine; mt, mitochondrial.
I To whom correspondence should be addressed. The points are the means of the data in Figure 1 corresponding to the same KCN concentrations.
disturbance of the flux) to the initial slope of the inhibition curve of the cytochrome c oxidase activity (the step disturbance). In our case, we find a control coefficient of the cytochrome c oxidase step of 0.12 on the mitochondrial respiration flux (Vo2). Control theory has it that there are strong constraints on the control coefficients (e.g. sum equal to one) so the values of the control coefficients of the individual steps are usually low, which is the case in oxidative phosphorylation [12] [13] [14] [15] . Thus the initial slope of the pathway flux inhibition curve is usually much gentler than the corresponding slope of the step inhibition curve; this is the case in Figure 1 . However, both curves must come together at high inhibitory concentrations, when the cytochrome c oxidase Scheme 1. Scheme of the reactlons Involved In the example activity becomes very low. For higher inhibitory concentrations, however, the relationship between the steady-state flux and the remaining activity of the isolated step shown in Figure 1 can no longer be discussed in terms of control analysis, since, as regards the whole flux, changes in the metabolite concentrations occur. This is not the case in the inhibition curve of the isolated step.
To understand the threshold behaviour in Figure 2 better, we have used the model in Scheme 1.
Step 2 could represent the cytochrome c oxidase complex, step 1 summarizes the preceding reactions of the respiratory chain; S, the respiratory substrate, and A, the reduced cytochrome c. We assume furthermore that step 2 is practically irreversible. In this case, the model is completely described by the kinetic equations of reactions 1 useful to normalize them by the value of the flux at I= 0. We obtain: The solid lines in Figure 1 are obtained by fitting the experimental points to the rate equations (5) and (6) . The parametric values obtained are listed in the legend of Figure 1 . Figure 3 shows some simulated curves for different values of the parameters S and V+, clearly demonstrating the possible existence of a threshold. This effect is more pronounced at higher concentrations of the initial substrate S. In the limiting case of a saturating concentration of S, the curve Jnorm(I) first shows a plateau then, beyond a critical inhibitory concentration (rit ), the inhibition of the steady-state flux parallels that of the isolated step.
The plateau shown in Figure 3 may be explained as follows. An inhibition of the second step will affect the steady-state flux through inhibition ofthe first step by increasing the concentration of A. When S is very high, A also has to become rather high to have an effect. This can only occur if the apparent maximal rate of the second step VI/[l + (I/K,)"] is less than or equal to the maximal rate V+ of the forward reaction of step 1, so that for S> K+, Ierit. is given by:
Beyond that point, A is saturating for the second reaction; what which follow immediately from the summation and the connectivity theorem of control analysis [16] . The elasticities are defined by: so that e and 62 can be easily calculated from the rate equations [1, 2] , taking into account the value of A*(I). Due to the fact that logarithmic and unscaled flux control coefficients are equal for a linear pathway [17] we have used unscaled elasticities (eqns. 9a,b). The variations in the control coefficients CJ and CJ as a function of I are shown in Figure 4 for the same values of S as in Figure 1 . With increasing inhibitory concentrations, there is a transition of the control coefficient CJ from a very low value to a value almost equal to one. At very high concentrations of S, this transition is very sharp and occurs at the critical value of '('cr1.) already encountered in Figure 3 . This shows that a threshold of the type described in Figure 1 is accompanied by a drastic change from a low to a high control coefficient of the inhibited step, in a narrow range of inhibitory concentrations. This situation is equivalent to that encountered with different patients exhibiting various levels of a defect in a given step of the oxidative-phosphorylation pathway.
DISCUSSION
Threshold effects are often observed in mitochondrial diseases [1, 2] . We have experimentally stimulated such an effect by decreasing the activity of cytochrome c oxidase in isolated muscle mitochondria using increased concentrations of the specific inhibitor cyanide, thus mimicking various degrees of a defect in this complex.
Our results show a very clear threshold in respiration, which remains nearly maximal until a low level of cytochrome c oxidase activity is reached. At this level, an abrupt decrease in the respiratory rate is observed (Figures 1 and 2) . We have built a very simple example (Scheme 1) to explain the fundamental basis leading to a threshold effect. The behaviour is related to a low control coefficient of the step on the flux under study and is inescapable in this case. Such an effect has also been observed in the case of complex III on the oxidative flux or on succinate cytochrome c oxidase flux in rat muscle mitochondria [18, 19] .
How can this direct threshold effect be related to the heteroplasmy of mtDNA, which may be observed in mitochondrial diseases [8, 9] ? First, it might be thought that the activity decrease of a given step (e.g. cytochrome c oxidase) is proportional to the percentage of mutant mtDNA, in which case the profile of Figure 2 would remain unchanged when plotting the percentage of respiration rate as a function of the percentage of DNA heteroplasmy. A threshold effect in a flux due to DNA heteroplasmy has already been observed by Flint et al. [20, 21] . They studied the rate of arginine production in heterokaryons of Neurospora crassa with different proportions of a mutant gene of the arginine pathway. This phenomenon was extensively discussed by Kacser and Burns [22] . A more precise quantification of the heteroplasmy effect on the activity level of a given step would require measurement on the one hand of its influence on the amount of transcribed normal mtDNA and on the other hand of translated normal transcripts. At these particular stages, a threshold effect could also occur [8, 9] . Another question is to know the effects of defective mitochondria on the cellular metabolism as a whole. If mitochondrial metabolism is considered as a single step in the whole cellular metabolism, it may be hypothesized that a threshold effect can again occur which is analogous to that observed at the level ofthe whole mitochondrial metabolism. Thus there might be at least three levels at which threshold effects occur. The first is the expression of the heteroplasmy of DNA at the level of a given enzymic step; the second is the threshold effect observed in the mitochondrial metabolism as a result of a decrease in a given mitochondrial activity, which is the subject of this paper. The third may occur in the expression of defective mitochondria in the whole cellular metabolism. At each level the threshold effect will reinforce the others. Thus when the global effect of mtDNA heteroplasmy on the whole cellular metabolism and its clinical expression is considered, a very sharp threshold could be anticipated.
